Reversed-phase h.p.l.c. was used to detect 2,4-dinitrophenylhydrazine-reactive carbonyl products, which excludes malonaldehyde, in malaria-parasite (Plasmodium vinckei)-infected murine red blood cells (RBCs). A number of alkanals, 4-hydroxyalk-2-enals and alka-2,4-dienals were tentatively identified by comparison with authentic standards. The formation of 4-hydroxynon-2-enal, deca-2,4-dienal and hexanal was greater in P. vinckei-infected RBCs than in their uninfected counterparts and was increased by the presence of t-butyl hydroperoxide. Several of these aldehydes have previously been shown to be toxic to various types of cells, including P. falciparum, in vitro. The iron chelator desferrioxamine and the free-radical scavenger butylated hydroxyanisole-inhibited the formation of these aldehydes. These experiments demonstrate that products of lipid peroxidation other than malonaldehyde are formed during the exposure of malaria-infected RBCs in vitro to drugs that generate reactive oxygen species and have anti-parasitic activity. The formation of products of this type during the natural course of malaria infection may have implications for the mechanisms underlying intra-RBC parasite death and the tissue damage associated with the disease.
INTRODUCTION
Traditionally, immunity to malaria has been considered to be mediated by either antibody or phagocytosis, but, more recently, serious consideration has been given to the role of soluble mediators secreted by phagocytic cells during the host response to the infection (Clark et al., 1981 (Clark et al., , 1986a (Clark et al., , 1987 . Host macrophages release a range of mediators, including interleukin-1, tumor necrosis factor (cachectin) and reactive oxygen species (ROS) (reviewed in Clark et al., 1987) , which are thought to contribute to tissue damage and the appearance of degenerate intra-RBC (red blood cell) parasites ('crisis forms') during the natural course of infection (Clark et al., 1981; Clark & Hunt, 1983) .
Parasite crisis forms can be artificially induced by injection of oxidative drugs such as alloxan and H202 (Clark & Hunt, 1983) , t-butyl hydroperoxide (t-BHP, Clark et al., 1983 Clark et al., , 1984b ) and divicine (Clark et al., 1984a) into malaria-parasite (Plasmodium vinckei)-infected mice. All these agents generate ROS and their effects may mimic the lethal oxidative stress imposed on intra-RBC parasites by stimulated phagocytes (Clark & Hunt, 1983) . Exposure of P. vinckei-infected RBCs to these ROS-generating agents in vitro causes the generation of 5-10 times more malonaldehyde (MA) than in similarly treated control RBCs (Clark et al., 1984a,b; N. H. Hunt, unpublished work) . This phenomenon was also seen in vivo, for either washed RBCs or whole blood from P. vinckei-infected mice injected with curative doses of t-BHP contained significant amounts of MA, whereas none was detected in similarly treated control mice N. H. Hunt & G. D. Buffinton, unpublished work) . Preinjection of infected mice with the iron chelator desferrioxamine (DF) totally inhibited MA formation in vivo and in vitro. DF and the resonancestabilized free-radical scavenger butylated hydroxyanisole (BHA) prevent oxidative parasite killing (Clark et al., 1984a,b) . In addition to MA, lipid oxidation also leads to the formation of a wide range of short-chain carbonyl species, which have been detected in peroxidizing liver microsomes (microsomal fractions) (Esterbauer et a., 1982) , carbon tetrachloride-treated hepatocytes and fl-thalassaemic RBCs treated with t-BHP (Ramenghi et al., 1985) . These have been characterized into several major classes, including alkanals, alk-2-enals, 4-hydroxyalk-2-enals, alka-2,4-dienals, alkanones and several minor species. Many of these carbonyls, in particular the 4-hydroxyalk-2-enals, are extremely reactive toward biomolecules containing exposed thiol or e-amino groups (Esterbauer et al., 1975 (Esterbauer et al., , 1976 Schauenstein & Esterbauer, 1979) and can inhibit the synthesis of DNA, RNA and protein and the activities of various enzymes, and modify macromolecules (reviewed by Esterbauer, 1985) . Since lipid peroxidation is involved in oxidative killing of malarial parasites, we have investigated the formation of long-lived short-chain carbonyl species during this process.
Abbreviations used: ROS, reactive oxygen species; t-BHP, t-butyl hydroperoxide; RBC(s), red blood cell(s); MA, malonaldehyde; DF, diam. x 150 mm; 4 gtsm particle size; end-capped; 7 % carbon loading with 100000-120 000 plates/metre) and a Waters precolumn C18 Guard-PAK module. The void volume (1.21 ml) was determined by using uracil.
All solvent programming was controlled by the Waters 840 module using two pumps. Samples were separated by using a series of linear gradients (see Table 1 ); the flow rate was 0.9 ml/min.
Data was collected at two to four data points/s on each of four wavelength channels (Waters 490 detector; Channel 1, 361 nm; Channel 2, 365 nm; Channel 3, 378 nm; Channel 4, 393 nm). Preparation of 2,4-dinitrophenylhydrazone standards Commercially available carbonyls (n-alkanals, alk-2-enals, alka-2,4-dienals and alkan-2-ones) were allowed to react with 2,4-DNPHzine as described by Vogel (1981) , to form the respective 2,4-DNPHzone. 2,4-DNPHzones of authentic 4-hydroxyalk-2-enals were prepared by allowing the carbonyl to react with 1 ml of2,4-DNPHzine reagent (equimolar ratio). The resultant hydrazone was extracted with 2 ml of chloroform, evaporated to dryness with N2, redissolved in 250 1, of dichloromethane and applied to silica t.l.c. plates and developed with dichloromethane. The 2,4-DNPHzone band (revealed under u.v. light) was removed and extracted into chloroform. Extracts were evaporated to dryness with N2 and dissolved in h.p.l.c.-grade methanol. Preparation of 2,4-DNPHzones from biological samples Biogenic aldehydes were derivatized by a modification of the method of Esterbauer et al. (1982) . Control and P. vinckei-infected (-80 % parasitaemia) RBCs were prepared as described previously (Clark et al., 1984a) . Suspensions (1 ml, containing 101 RBCs) were preincubated with DF (4 mM) or BHA (25 #M; dissolved in ethanol; final concn. <1 %) in phosphate-buffered saline (g/litre of water: NaCl, 8; KCI, 0.2; Na2HP04,2H20, 1.15; NaH2PO4,2H20, 0.2; CaCl2, 0.1; MgCl2, 0.1), pH 7.2, containing 2 mM-NaN3, pH 7.2, for 30 min at 37 'C. Incubation was started by addition of t-BHP (1 mM) and terminated at 15 min by addition of 1 ml of 2,4-DNPHzine reagent, vortex-mixed and incubated at 40 'C for 3 h in the dark. The concentration of t-BHP and incubation time were chosen after preliminary experiments which examined the effects of 0.1-10mm-t-BHP over 0-120 min. Curative doses of t-BHP (Clark et al., 1984b) achieve millimolar concentrations in blood in vivo. 2,4-DNPHzones were extracted into chloroform (2 ml), vortex-mixed and centrifuged (200 g, 10 min). The organic (lower) phase was removed to a fresh tube, dehydrated with 0.5 g of anhydrous Na2SO4, and transferred to an evaporation tube. The protein and aqueous phase was then twice re-extracted with chloroform (2 ml). The pooled, dehydrated (Na2SO4) extract was evaporated to dryness with N2, dissolved in 400 ,ul of dichloromethane and applied to a pretreated wet SEP-PAK silica cartridge (pre-washed with 5 ml of methanol, followed by 5 ml of dichloromethane). Samples were eluted with 20 ml of dichloromethane. This step removed haem-containing contaminants. The eluent was evaporated to dryness with N2 and the residue dissolved in h.p.l.c.-grade methanol to which filtered water was added to give a 4:1 (v/v) methanol/water solvent ratio (1 ml volume). A 50,ul aliquot was analysed by h.p.l.c.
Biogenic 2,4-DNPHzone peaks were compared with the retention times and absorption maxima of known standard, 2,4-DNPHzones. Identified peaks were quantified by using known absorption coefficients for specific 2,4-DNPHzones (Esterbauer et al., 1982) .
RESULTS
The h.p.l.c. elution profiles of control and P. vinckeiinfected RBCs were strikingly different (Fig. 1) . Treatment of normal mouse RBCs with t-BHP (Fig. lb) resulted in the formation of several products, notably 4-hydroxynon-2-enal (4-HNE) and hexanal. The magnitude of peaks 13 and 14 did not vary when compared with untreated controls (Fig. la) . The two peaks eluted at 21.3 and 23.3 min were also observed in the blank extraction and therefore regarded as contaminants. Fig  l(c) , the differential plot of (control+t-BHP)-(control +phosphate-buffered saline), shows there was little net increase (positive deflection) in carbonyl formation on the basis of equal cell density. Without further treatment, incubation in vitro of RBCs from mice carrying a high intra-RBC P. vinckei load (Fig. ld) led to the formation of many more carbonyl species than in comparatively treated control RBCs (Fig. la) . The carbonyls identified included 4-hydroxyoct-2-enal (4-HOE), 4-HNE, hexanal, octanal, undecanal, dodecanal and the long-chain carbonyls, peaks 13, 14 and 15. The identity of peak 6 is unknown, the most likely candidates being 4-hydroxydec-2-enal or hex-2-enal. Peak 8 was designated as octa-2,4-dienal on the basis of its retention time and consistent absorption maxima at 393 nm, which is that of alka-2,4-dienal hydrazones.
Treatment of P. vinckei-infected RBCs with t-BHP (Fig. le) led to increased formation of several carbonyls and the appearance of peak 10 (deca-2,4-dienal), whereas others remained unchanged. Increases in 4-HNE and hexanal dominated the elution profile. The differential plot supports this and shows the resolution of deca-2,4-dienal (Fig. iJ) . Formation of ozasone, described (Esterbauer et al., 1982) as being eluted on the post-peak shoulder of 4-HNE, was not observed.
The identified 2,4-DNPHzones were quantified by using integrated peak area at the respective absorption maxima for each carbonyl class. t-BHP increased the levels of almost all of the carbonyl hydrazones detected (Table 1) . Of particular interest were the increases in 4-HNE, hexanal and deca-2,4-dienal, which have been detected in several lipid-peroxidation systems. The inhibitory effects of the iron chelator DF and the freeradical scavenger BHA on t-BHP-initiated carbonyl formation varied, even between control and infected RBCs. Of the known lipid-peroxidation products, the formation of 4-HNE, hexanal and deca-2,4-dienal was diminished, in some cases to baseline levels, by DF or BHA or both (Table 2) .
Peaks 13 and 14 are long-chain aldehydes or plasmals and acyl chain lengths of C16 and C18 respectively. From its retention time, peak 15 is estimated to be C20 (Fig. 1) . The intensity of peak 13 decreased in both control and infected RBCs on addition oft-BHP, whereas the same treatment increased peak 14 in infected RBCs (Table 1) 
